Millimeter-wave detected, millimeter-wave optical double resonance (mmODR) spectroscopy is a powerful tool for the analysis of dense, complicated regions in the optical spectra of small molecules. The availability of cavity-free microwave and millimeter wave spectrometers with frequency-agile generation and detection of radiation (required for chirped-pulse Fourier-transform spectroscopy) opens up new schemes for double resonance experiments. We demonstrate a multiplexed population labeling scheme for rapid acquisition of double resonance spectra, probing multiple rotational transitions simultaneously. We also demonstrate a millimeter-wave implementation of the coherenceconverted population transfer scheme for background-free mmODR, which provides a ∼10-fold sensitivity improvement over the population labeling scheme. We analyze perturbations in theC state of SO 2 , and we rotationally assign a b 2 vibrational level at 45 328 cm −1 that borrows intensity via a c-axis Coriolis interaction. We also demonstrate the effectiveness of our multiplexed mmODR scheme for rapid acquisition and assignment of three predissociated vibrational levels of theC state of SO 2 between 46 800 and 47 650 cm −1 . C 2015 AIP Publishing LLC.
I. INTRODUCTION

TheC (
1 B 2 ) state of SO 2 has attracted considerable attention from spectroscopists, dynamicists, and theorists. The origin at ν 0-0 = 42 573.45 cm −1 is close in energy to the onset of dissociation into ground state SO( 3 Σ − ) + O( 3 P) at ∼45 725 cm −1 . 1 Thus, theC state plays an important role in the photodissociation of SO 2 in the earth's atmosphere. However, there is evidence for more than one dissociation mechanism, including vibronic coupling to the dissociation continuum of the groundX electronic state, 2-4 intersystem crossing to one or more dissociative triplet states, 1, [5] [6] [7] and a singlet mechanism due to avoided crossing with the dissociative 3 1 A ′ state. 8, 9 It is likely that all three mechanisms contribute, and that the relative contribution depends on the energy. 10, 11 TheC state potential energy surface (PES) has an unusual structure around equilibrium. There is a double-minimum potential in the q 3 antisymmetric stretch coordinate with a barrier of ∼141 cm −1 at the C 2v geometry. 12 The global minimum of the PES is doubly degenerate and has a C s equilibrium geometry with non-equivalent SO bond lengths of ∼1.491 and 1.639 Å. 12 There is considerable indirect evidence for staggering in the (v There have been observations of dispersed fluorescence fromC-state levels around 47 620-50 570 cm −1 of excitation, terminating onXstate levels of b 2 vibrational symmetry, 8, 15 which indicates a 1 /b 2 vibrational admixture at 5000-8000 cm −1 of vibrational excitation in theC-state. Brand et al. 15 have attributed the admixture to rotation-vibration interaction via c-axis Coriolis matrix elements, but Ray et al. 8 have argued that the admixture is due to vibronic interaction with the dissociative 3 1 A ′ state. Here, we report the first direct observation and rotational assignment of a b 2 vibrational level of theC state, which borrows intensity via c-axis Coriolis interaction, and we provide a note of caution about interpreting the interaction mechanism in the absence of rotational assignments.
Above the dissociation threshold, the laser-induced fluorescence (LIF) intensities from theC state fall off rapidly, although the Franck-Condon absorption intensity envelope continues to increase. 3 The strongest band in the LIF spectrum of SO 2 occurs at 45 335 cm −1 , approximately 100 cm −1 below the dissociation threshold. However, due to perturbations in the rotational structure, only a handful of rotational levels were assigned in the jet-cooled LIF spectra of Yamanouchi et al. 16 This band was originally assigned the vibrational quantum numbers (v the effectiveness of various millimeter-wave optical double resonance (mmODR) schemes, and we report a rotational analysis of the region surrounding the perturbed band.
The use of free induction decay (FID)-detected, mmODR schemes greatly simplify the analysis of perturbed band structures. When monitoring millimeter-wave transitions of the ground state, mmODR information can be used for unambiguous identification of the lower level involved in the optical transition, because a double resonance signal indicates that the millimeter-wave transition and the optical transition share a common level. The frequency-agility of our chirpedpulse millimeter wave (CPmmW) spectrometer, 17 based on the Pate design, 18, 19 allows us to perform multiplexed mmODR, where more than one millimeter-wave transition is monitored simultaneously, and we demonstrate the effectiveness of multiplexed mmODR schemes for rapid acquisition and rotational assignment of three predissociated levels of theC state of SO 2 between 46 800 and 47 650 cm −1 . We have also made a millimeter-wave implementation of the background free coherence-converted population transfer (CCPT) technique. [20] [21] [22] We find that CCPT provides an excellent improvement in signal-to-noise over traditional population labeling schemes, and is a promising alternative to polarization-based background-free double-resonance methods. 23 However, there are challenges to implementing the technique in our current experimental configuration, where the coherent experiment must be completed in a time window that is short compared to the millimeter-wave Doppler lifetime of <2 µs. In Sec. II, we discuss the advantages of various double-resonance schemes.
II. EXPERIMENTAL DETAILS
A. Millimeter-wave optical double resonance configuration
The mmODR spectra were obtained in a vacuum chamber equipped with a spectrometer designed originally for CPmmW experiments. The CPmmW spectrometer is described in Ref. 17 , so we will omit the details here. The UV radiation was generated by a pulsed dye laser (Lambda Physik FL3002E), operating with Coumarin 440 dye, pumped by the 355 nm third harmonic of an Nd:YAG laser (Spectra-Physics DCR-3). The dye laser output was frequency-doubled in a β-barium borate crystal. A small portion of the fundamental was passed through a heated 130 Te 2 vapor cell for frequency calibration. An intracavity etalon reduced the spectral width to 0.04 cm −1 . An unskimmed molecular jet of neat SO 2 was expanded through a pulsed valve (General Valve, Series 9, d = 1 mm) at a backing pressure of 2 atm.
The geometry used for the double resonance experiment is shown schematically in Figure 1 . The millimeter-wave beam was focused by a matched set of 20 cm diameter polytetrafluoroethylene (PTFE) lenses ( f ≈ 30 cm). The UV laser beam was expanded to match the millimeter-wave beam waist, which had a diffraction-limited diameter of approximately 2.5 cm. The laser beam was propagated counter to the molecular jet, and the millimeter waves were propagated at a 90
• angle. The E-field of the focused millimeter-wave beam was ∼42 V/m and the UV power was ∼300 µJ/pulse.
FIG. 1.
Schematic drawing of the experimental configuration used for the mmODR experiments. Our primary geometric consideration was to optimize the spatial overlap of the molecular, optical, and millimeter wave beams in the interaction region, since any portion of the molecular jet that overlaps with the millimeter waves, but not the optical pulse will contribute to background signal, but not to double-resonance signal. Thus, we focus the millimeter wave beam to its diffraction limit, and we expand the optical beam to match.
Both the UV laser and the millimeter waves were vertically polarized.
B. Available schemes for millimeter-wave optical double resonance
Microwave detected, microwave optical double resonance (MODR) was first demonstrated by Nakajima et al. 24 The authors of Ref. 24 pointed out two possible timing schemes for MODR experiments in which microwave FID is detected (see Figure 2 ). In the following discussion, we will use a simplified version of the optical Bloch picture in the rotating frame, assuming that the driving pulse is on resonance, and ignoring dephasing effects. With these assumptions, the driving vector, Ω, lies along the x-axis with magnitude equal to the Rabi frequency, |Ω| = µ ab E/ . The dynamics of the Bloch vector, Θ, due to the microwave radiation are given by dΘ/dt = Ω × Θ so that the Bloch vector lies in the y, z plane. The z component is proportional to the population difference of the two level system and the y component is proportional to the coherent polarization. As pointed out by Neill et al., 22 the Bloch sphere picture is not a completely accurate description of rotational transitions because there are multiple degenerate M J subcomponents with different transition moments, but it a useful model for qualitative discussion of double-resonance schemes.
In Case 1 (top panel of Figure 2 ), the optical excitation comes before the microwave pulse. In this double-resonance case, the optical pulse depletes either (1) the lower level of the microwave transition or (2) the upper level of the microwave transition, which leads, respectively, to (1) a decrease in population difference between the levels of the microwave transition and a decrease in microwave signal or (2) an increase in population difference between the levels of the microwave transition and an increase in the microwave signal. Thus, Case 1 is a population-labeling scheme, in which the sign of the double resonance signal corresponds to whether the optical transition is connected to the upper or lower level of the microwave transition. The right-hand side of the figure shows a simplified schematic of the optical Bloch vector treatment for each FIDdetected MODR case. The behavior of the Bloch vector is shown for an optical resonance with both the upper and lower levels of the microwave transitions. The z-axis represents the population difference ρ aa − ρ bb between the levels involved in the microwave transition, and the y-axis is related to the coherence, y = i(ρ ab − ρ ba ). For our schematic purposes, we ignore time evolution of the coherence, so we omit the x-axis (x = ρ ab + ρ ba ).
In Case 2 (middle panel of Figure 2 ), the optical excitation comes after the microwave pulse. In this double resonance scheme, the optical photon has no effect on the initial population difference between the levels of the microwave transition. Instead, the optical pulse removes population of coherently radiating molecules regardless of whether the resonance is with the upper or lower level of the microwave transition. In Case 2, the double resonance signal is always negative. Note that in this case, the effect of the optical pulse contributes both a z (population) and y (coherence) component to the Bloch vector. We see that this is the case from density matrix considerations. If a and b are the coefficients of the upper and lower states in the microwave transition, respectively, then an optical resonance with the upper level will lead to a decrease in the magnitude of |a|, leading to a decrease in the z-component of the Bloch vector, ρ aa − ρ bb = aa * − bb * and a decrease in the magnitude of the coherence, | ρ ab | = |ab * |. However, since the optical pulse comes later than the microwave pulse, the double resonance signal is only related to the depletion of the coherence.
The authors of Ref. 24 argue that in Case 1, a >50% depletion of FID signal is not possible, but that in Case 2, a >50% depletion can be obtained. However, we believe that the first clause of this argument-which would be true for most optically detected double resonance experiments-is incorrect for microwave detected MODR. In a typical microwave experiment (even when run under jet-cooled conditions) hν ≪ kT, so the initial population difference is typically on the order of a few percent or less. On the other hand, the upper level in the optical transition is negligibly populated, so a saturated optical absorption may deplete 50% of the population from one of the lower levels involved in the microwave transition. Since the FID signal is proportional to the initial population difference for the microwave transition, which is small, it is not only possible to deplete the FID signal by >50% in Case 1-in our experience, it is possible to remove enough population from the lower level of the microwave transition as to cause a population inversion between the lower levels, which will result in a 2nd derivative-type double resonance lineshape. For our purposes, we prefer Case 1 for strong double resonance signals because of the convenient population labeling. However, when the double-resonance signal is weak relative to pulse-to-pulse signal fluctuation, Case 2 provides an advantage because background signal fluctuations can largely be corrected by taking the ratio of FID intensity before and after the laser pulse. Case 2 might also provide an advantage when the rotational structure is not fully resolved because signal from the two levels of the microwave transition will add instead of cancel.
A third type of MODR scheme known as CCPT was developed more recently by the research groups of B. H. Pate and his collaborators. [20] [21] [22] The technique is made possible by taking advantage of phase-coherent excitation and detection of the microwave FID. CCPT is a three-pulse sequence. The FIG. 3 . A windowed sine pulse has a frequency domain spectrum with power centered at the carrier frequency, ω 0 , and an envelope determined by the window function (panel (a)). In CCPT, the "π/2" sine pulse is followed by a "−π/2" sine pulse. This combined waveform has even parity, but there is no cosine component at the ω 0 carrier frequency. The Fourier transform is purely real and crosses through zero at ω 0 , but will contain an envelope centered at the carrier frequency, whose shape is determined by the window function (panel (b)). The Fourier transform must regenerate the original timedomain waveform when the inverse Fourier transform is applied.
first "π/2" microwave pulse generates a coherence. A second "−π/2" microwave pulse with the same pulse area but opposite phase cancels the coherence.
An optical pulse interacts with the molecules at t = 0, between the two microwave pulses. The optical pulse removes population from one of the microwave levels. This will cause a z-axis component to be added to the Bloch vector (an accompanying loss of coherence will also occur). A positive z-axis component will be added if the laser is resonant with the lower level and a negative z-axis component will be added if the laser is resonant with the upper level. The result is that when the laser is resonant with one of the levels in the microwave transition, the −π/2 rotation of the Bloch vector by the second microwave pulse no longer cancels the coherence. Furthermore, the phase of the resulting FID is sensitive to whether the optical pulse was resonant with the upper or lower level of the microwave transition. Because the method is background free, there is a significant sensitivity advantage for Case 3, relative to Cases 1 and 2.
While CCPT is very effective for monitoring optical resonances connected to individual rotational lines excited by a single-frequency pulse, the technique is incompatible with chirped excitation schemes, where a broadband chirped pulse is used to multiplex the collection of double resonance information for a number of rotational transitions simultaneously. We believe there is some confusion about this point in the spectroscopy community, so we discuss it briefly. In order to null the FID using a "π/2" and "−π/2" pulse scheme, one must choose the correct relative phase of the "−π/2" pulse. The phase that will null the FID is the phase for which the magnitude Fourier transform of the two pulses, taken collectively, cancels at the resonance frequency, ω 0 , because the net effect is that in the absence of optical double resonance, the two pulse sequence transfers no power into the microwave transition. For the Fourier transform magnitude to be zero at ω 0 , the real and imaginary components must both be zero. In other words, the ω 0 sine component of the two individual pulses must collectively create an even parity waveform and the ω 0 cosine component of the two individual pulses must collectively create an odd parity waveform. An example of such a pulse is shown in Figure 3 (b). (We have arbitrarily chosen to use a sine pulse, so that the time-domain waveform has even parity.) The Fourier transform of this twopulse sequence will be zero at the resonance frequency, but must contain a window function intensity pattern centered at the carrier frequency, which will re-generate the original waveform when the inverse Fourier transform is applied. If we were to add a contribution from another frequency located arbitrarily nearby (at ω 0 + δω), it would be impossible to cancel the Fourier transform magnitude at both frequencies simultaneously. The only windowed (non-infinite in duration) continuous time-domain function for which the all sine contributions and all cosine contributions vanish over a continuous range is the trivial solution f (t) = 0.
The frequency-domain waveform shown in Figure 3 (a) has the familiar form, F(ω) ∝ sinc(ω − ω 0 ). We can correctly predict the shape of the frequency-domain CCPT waveform shown in Figure 3 (b) by a simplified analysis that neglects the time gap between the "π/2" and "−π/2" pulses. The timedomain waveform can then be written,
where R(t) is a rectangular window function that envelopes the two-pulse sequence and S(t) is the sign function,
In Eq. (1), S(t) is responsible for ensuring that the "−π/2" pulse is 180
• out of phase with the "π/2" pulse. The Fourier transform of S(t) has the form F [S(t)] ∝ 1/ω. Therefore, by the convolution theorem, the Fourier transform of Eq. (1) has a form proportional to the convolution of sinc(ω − ω 0 ) with 1/ω. This convolution will have most of its intensity near the peak of the sinc function at ω 0 , but passes through zero at the resonance frequency due to the odd parity of F [S(t)] ∝ 1/ω. Within an inhomogeneously broadened transition, molecules with offsets +δω and −δω from the center frequency, ω 0 , will be driven with equal magnitude but opposite phase. Since the T 2 = 1/∆ω decay is on the same timescale as the 1/2δω beat recovery, most of the inhomogeneous emission excited by the CCPT pulse will cancel.
C. Implementation of millimeter-wave optical double resonance schemes
In our double resonance experiments, we have tried several different schemes. First, we have implemented a variant of Case 1 in which the millimeter-wave pulse probes multiple different ground state transitions simultaneously (upper panel of Figure 4 ). Double resonances with the various ground state transitions are easily resolved because the Fourier transform detection method distinguishes different frequency components of the FID. This scheme is multiplexed, so that as the laser is scanned, double resonances with multiple different ground-state rotational levels are observed simultaneously. This scheme was first considered by the B. H. Pate group at the University of Virginia, 25 but to our knowledge, the scheme has not been discussed in the published literature, so we provide a brief description. In cases (such as theC state of SO 2 ) where the double-resonance signals are strong, but the LIF spectrum is difficult to assign due to perturbations and congestion, this scheme provides an incredible advantage, because the population labeling provides automatic rotational assignment of the LIF spectrum in a single scan of the laser through the band. In conventional non-multiplexed double resonance techniques, the laser must be scanned across the band many times, once for each ground state transition used in the double resonance scheme. Because our millimeter-wave spectrometer operates in the power-limited regime, we obtain the best signal when we drive each ground state microwave transition with a typically ∼50-100 ns single-frequency rectangular pulse. The rectangular pulses are applied sequentially in the time domain so that the total time required to polarize five ground state microwave transitions (providing double- resonance information for up to ten rotational levels) is 250-500 ns.
We have also made a millimeter-wave implementation of the background-free CCPT technique, which significantly improved the sensitivity of our double-resonance experiment by at least an order of magnitude. Unlike the CCPT implementation described in Refs. 20-22, we do not employ a cavity, so our quality factor is unity (Q = 1) and we have access to a broad range of frequencies in each pulse. We therefore attempted a multiplexed implementation of CCPT using a series of single-frequency pulses, as shown in the bottom panel of Figure 4 . This scheme works so long as the single frequency pulses are resolved and the window functions of each frequency component (Figure 3(b) ) do not overlap. The phase of each "−π/2" frequency was tuned empirically to minimize the off-resonant FID. We found this multiplexed CCPT scheme to be challenging in our experimental configuration because the transverse Doppler dephasing time in our unskimmed jet is approximately 2 µs at 70 GHz. Because of its coherent nature, the entire CCPT experiment (including both sets of microwave pulses and the FID detection) must be carried out in a time that is short relative to 2 µs. When the amount of time between the "π/2" and "−π/2" pulses for a given frequency approaches the Doppler dephasing time, we observe a metamorphosis of the signal type from Case 3 to Case 1 (because the transition begins to lose memory of the first "π/2" pulse). Furthermore, because our spectrometer is power-limited by the current availability of broadband millimeter-wave amplifiers, we lose signal by using shorter excitation pulses. 17 Therefore, we prefer to use the multiplexed implementation of Case 1 when the double-resonance signals are strong because it provides rapid rotational assignment of the LIF spectrum (for many values of J
) in a single scan of the laser. However, when greater sensitivity is desired, such as in our detection of levels that perturb theC(B a 1 ) state of SO 2 , we prefer to use the non-multiplexed CCPT scheme (Case 3). Sample spectra obtained using the millimeter-wave CCPT implementation are shown in Figure 5 . The sensitivity improvement over our Case 1 implementation is at least an order of magnitude although the acquisition time is longer because the laser must be scanned through the band once for each ground state microwave transition. We provide a direct comparison with the multiplexed Case 1 spectrum in Fig. S1 of the supplementary material. 26 We briefly mention alternative schemes that may allow multiplexed implementation of background-free double resonance. One approach would be to change the experimental geometry so that the millimeter-waves propagate along the molecular beam axis. This can be accomplished using a rooftop reflector as described in Ref. 17 . In this geometry, the Doppler dephasing time is an order of magnitude longer and it will be much easier to perform coherent experiments in less time than the Doppler dephasing. There are experimental difficulties involved in overlapping the optical pulse in the rooftop reflector configuration, which we are currently working to resolve.
Another idea for multiplexed background-free mmODR is to use a polarization scheme such as the millimeter-wave detected, millimeter-wave optical polarization spectroscopy (mmOPS) used by Steeves et al. 23 In this scheme, the millimeter-wave source and receiver are cross polarized at 90
• so that in the absence of double resonance, no signal reaches the detector. An optical pulse polarized at 45
• to the millimeter-wave source and receiver alters the M ′′ J distribution when it is brought into resonance with the one of the lower levels. This effectively rotates the polarization of the FID, allowing it to reach the detector. In the original implementation, 23 millimeter-wave power was detected noncoherently using a bolometer, but there is nothing that should prevent the technique being used for coherent multiplexed Fourier transform detection. Steeves et al. report a fourfold improvement in sensitivity in their bolometer-detected experiment. This is less than the sensitivity advantage of CCPT because CCPT is sensitive to the total population transfer (ignoring coherence losses) whereas mmOPS is only sensitive to the relative population transfer out of different M J levels.
III. RESULTS
A. Perturbations in theC(B a 1 ) level
The rotational structure of theC-state vibrational level at 45 335 cm −1 (originally given the assignment, (v
= "(1, 3, 2)," but which we label "B a 1 ") is severely perturbed. In the analysis of the high-resolution LIF spectrum, Yamanouchi et al. 16 assign only six term values, and they report an effective C constant that is greater than the effective B constant, presumably due to a pathological c-axis Coriolis perturbation. Assignment of the perturbed spectrum is further complicated by the fact that the B constant of SO 2 is small enough that many features in the LIF spectrum of the supersonic expansion at ∼10 K rotational temperature are not fully resolved.
We applied the multiplexed Case 1 mmODR scheme to the B a 1 level. From a single multiplexed mmODR scan, we are almost able to triple the number of assigned term values, due to the simultaneous rotational assignments afforded by the multiplexed technique. (See the Appendix and Figure 6 .) We followed up with more sensitive CCPT scans, probing a single ground-state rotational transition at a time. Figure  5 provides a sample of two CCPT spectra of the region surrounding the B a 1 level. Transitions to two perturbing vibrational levels are evident. The primary perturber, "P b 2 ," is a level of b 2 vibrational symmetry that borrows intensity from B a 1 via a c-axis Coriolis interaction. The Coriolis interaction lends much greater (∼10×) intensity to the transitions from J ′′ = 6 ( Fig. 5(a) ) than to the transitions from J ′′ = 0 or 1 ( Fig. 5(b) )-the latter set of transitions is barely visible above the background noise. There is an additional set of weak transitions at the low-frequency end of Figure 5(a) . This appears to be from a Franck-Condon weak transition to a level of a 1 vibrational symmetry, which we call "P a 1 ," and which interacts with P b 2 via a c-axis Coriolis matrix element. The vibrational structure of theC state is perturbed by anharmonic interactions, including a large φ 133 stretch-stretch Fermi term, and the level structure is not fully understood at ∼2000 cm −1 of vibrational excitation. The vibrational levels in this region are highly mixed in the harmonic basis, and we do not attempt to make harmonic vibrational assignments in the current work.
Throughout this paper, when labeling near prolate asymmetric top rotational transitions, we use a capital letter to denote the change in J and a lower case superscript to denote the change in K a . The main and subscripted numbers in parentheses are J ′′ and K ′′ a of the lower level, respectively. (For example, q R 1 (6) means K ′ a = K ′′ a = 1 and J ′ − 1 = J ′′ = 6.) Due to oxygen atom nuclear spin statistics in SO 2 , only one value of K c is allowed for a given set of other quantum numbers, so we omit the conventional K ′′ c label. In our analysis of the spectra, we use theX(0, 0, 0) ground state rotational term values from Ref. 27 .
After performing a total of six CCPT scans probing different ground state rotational transitions, we were able to obtain 16 rotational term values belonging to P b 2 and four rotational term values belonging to P a 1 . The term values are listed in the Appendix and a reduced term value plot is shown in Figure 6 . The data were fit to an asymmetric top Hamiltonian, including off-diagonal c-axis Coriolis matrix elements between levels of a 1 and b 2 vibrational symmetry. The matrix elements are given by
Equations (3)- (4) give diagonal and off-diagonal elements of the rigid rotor Hamiltonian in the prolate symmetric top basis, and Eq. (5) gives the c-axis Coriolis matrix elements connecting levels of a 1 vibrational symmetry to levels of b 2 vibrational symmetry. V labels the vibrational state. The t 1 parameter depends on the vibrational levels, V and V ′ , and replaces Cζ 
. However, since the levels considered in the current work are highly anharmonic and the harmonic expansions of these levels are not well known, we treat the vibrational dependence of the matrix elements phenomenologically.
The best fit parameters for the B a 1 , P b 2 , and P a 1 levels are given in Table I . The inertial defects in the rotational constants TABLE I. Fit parameters for the observed interacting levels, B a 1 , P b 2 , and P a 1 . All energies are in cm −1 units and the inertial defects (∆) are listed in amu · Å 2 units. Reported statistical uncertainties are 2σ. There were three correlation coefficients greater than 0.9: between the C constants for the B a 1 and P b 2 states (−0.96), and between t 1 (B a 1 ,P b 2 ) and the C constants for B a 1 (0.994), and P b 2 (−0.952). No other correlation coefficients were greater than 0.83. The average residual error of the fit was 0.028 cm −1 . (B a 1 ,P b 2 ) = 0.43(4) t 1 (P b 2 ,P a 1 ) = 0.15 (4) are all small, indicating that the most significant effects from Coriolis interactions on the rotational constants have probably been deperturbed. (The effective rotational constants reported in Ref. 16 have an inertial defect of −16.3 amu · Å 2 .) However, there were significant correlations among the C constants and t 1 Coriolis parameter for the B a 1 and P b 2 states, so these should be considered "effective" values and caution should be taken in extrapolating the fit to higher J. The average error of the fit was 0.028 cm −1 , which is on the order of the calibration uncertainty of our pulsed dye laser.
The c-axis Coriolis interaction between B a 1 and P b 2 increases the effective C constant of B a 1 and decreases the effective C constant of P b 2 . As a result, the e/ f asymmetry splitting in P b 2 is pronounced, while the e/ f splitting in B a 1 is very small-in fact, the splitting in the K a = 1 stack of B a 1 is reversed at low J leading to a negative value for the apparent (B − C)/2 splitting parameter. There is a local perturbation in the J K a K c = 9 18 level of B a 1 which appears to be caused by a narrowly avoided crossing between the K a = 1 stack of B a 1 and the K a = 4 stack of P b 2 .
The frequencies reported in Ref. 16 for the B a 1 rotational levels appear to be offset from our measured frequencies by a constant value. Figure 7 shows the energy offset in the measured term energies for the rotational levels assigned in both the LIF spectrum of Ref. 16 and in our mmODR spectra. The spectra of Yamanouchi et al. were calibrated in a similar manner to our spectra, using a Te 2 absorption spectrum as a frequency reference. However, our mmODR spectra were taken in short (∼20 cm −1 ) scans and each scan was calibrated individually, so that our calibration is local to the B a 1 region. We believe the calibration of Yamanouchi et al. may have been interpolated from a long scan of the LIF laser, so that the relative frequency steps are accurate, but the overall local calibration has a small offset. The standard deviation of the measured offset, 0.0145 cm −1 , is approximately the calibration uncertainty of our laser. Therefore, for inclusion in our fitting and in our reduced term value plot (Fig. 6) , we have subtracted a 0.146 cm −1 offset from the frequencies reported in Ref. 16 . The offset affects the band origin reported in Ref. 16 , but not the effective rotational constants.
There appears to be a splitting in the J K a K c = 7 16 level of B a 1 . Figure 8 shows the q P and q R transitions to the 7 16 level, which have nearly identical structure. The most likely explanation is a local perturbation from a dark level, such as Table II. a triplet state or a highly vibrationally excited level of theX state. In our fit, we have taken the center of gravity of the doublet as the transition frequency.
B. The 46 816 cm −1 level
The level at 46 816 cm −1 is weak in both the LIF and absorption spectra. 3, 16 We performed a Case 1 multiplexed mmODR scan on this band and found that the rotational structure is significantly perturbed. A reduced term value plot is shown in Fig. 9 , and the effective rotational fitting parameters to Eqs. (3) and (4) are given in Table II . Due to perturbations, the average error of the fit (0.296 cm −1 ) was quite large. The depressed effective C constant and large positive inertial defect are suggestive of a c-axis Coriolis interaction with a nearby higher-lying level of b 2 vibrational symmetry. There were a number of extra lines in the spectrum, probably from at least one perturbing vibrational level. However, because the signal-to-noise quality was poor, we did not have enough information to perform a fit to the perturbation.
C. The 47 569 and 47 616 cm −1 levels
Because the signal in the mmODR schemes used in the current work depends on the absorption strength of the laser transition rather than the fluorescence intensity, it is an advantageous technique for high-resolution spectroscopy of pre-dissociated levels. The fluorescence intensity from theC state of SO 2 falls off rapidly above the dissociation limit at figure) were collected simultaneously in a single scan of the laser. Rotational assignments (shown in the figure) were straightforward due to the population labeling double resonance scheme. Downward and upward directed peaks in the mmODR spectrum represent transitions out of the lower and upper rotational levels of the microwave probe, respectively.
∼45 725 cm −1 , although the maximum of the Franck-Condon absorption envelope does not occur until ∼48 000 cm −1 .
3
In order to demonstrate the effectiveness of the technique for rapid rotational assignment of pre-dissociated levels, we have acquired Case 1 multiplexed mmODR spectra of vibrational levels at 47 569 and 47 616 cm and 11. Both levels are labeled "(1, 9, 2)" by Okazaki et al., 3 but we prefer to omit normal mode vibrational assignments for these high-lying levels since theC state is highly anharmonic and the vibrational levels are not well understood at these energies. The 47 569 and 47 616 cm −1 vibrational levels have fluorescence quantum yields of 0.0056 and 0.0026 and are weak in the LIF spectrum, 3 but the absorption cross sections of these levels from theX(0, 0, 0) ground state are roughly 20 times that of the B a 1 level, so the transitions are strong in mmODR. Furthermore, the predissociation rate from these levels is 3.40 × 10 9 and 7.30 × 10 9 s −1 , 3 so that the line broadening due to predissociation is on the same order of magnitude as the ∼1 GHz bandwidth of our pulsed dye laser and does not lead to significantly problematic broadening of rotational lines.
Reduced term value plots for the 47 569 and 47 616 cm −1 levels are shown in Fig. 12 . Both levels were fit to the simple rigid rotor asymmetric top Hamiltonian given in Eqs. (3) and (4) . The resulting rotational constants are shown in Table II and the fits are plotted in Fig. 12 . The rotational structure of the 47 569 cm −1 level exhibits no significant perturbations from the rigid rotor Hamiltonian, as evidenced by the 0.0176 cm −1 average fit error, which is smaller than the calibration uncertainty (∼0.02 cm −1 ) of our dye laser. On the other hand, the rotational structure of the 47 616 cm Table II. small value of (B − C)/2 and the fairly large average fit error of 0.0382 cm −1 . The perturbation might be from a c-axis Coriolis interaction with a lower-lying level of b 2 vibrational symmetry, but it is impossible to be certain without knowing a great deal more about the vibrational level structure in this energy region.
We briefly note the rapid rate of spectral acquisition and unambiguous rotational assignment afforded by the Case 1 multiplexed mmODR technique. Each of the sets of double resonance spectra shown in Figs. 10 and 11 were acquired simultaneously during a ∼15 min scan of the pulsed dye laser. Furthermore, the rotational population labeling scheme automates the determination of upper state term energy and in the absence of pathological perturbations, rotational assignment is trivial. The most labor intensive step was frequency calibration via the Te 2 reference spectrum.
IV. DISCUSSION
Because the vibrational level structure of theC state of SO 2 is not yet completely understood in the energy regions investigated in the current work, our fitting parameters should be regarded as "effective." There are clearly perturbations in the levels at 46 816 and 47 616 cm −1 that have not been included in the fit. Furthermore, without a better understanding of the level structure, it is difficult to predict whether there are additional perturbers to the B a 1 band. If so, it is possible that effects from additional perturbations are folded into the effective constants that we report. If the P a 1 band were given the normal mode assignment (1, 2, 3) , then, using ζ , 13 the naive harmonic prediction for the Coriolis interaction strength would be t 1 = 0.734 cm −1 , which is significantly greater than the 0.43 cm −1 interaction strength determined in our fit. The most likely reason for the discrepancy is that, as a result of anharmonicity, many zero-order harmonic basis states contribute to each eigenstate, and it is necessary to sum the harmonic contribution over the full expansion of each eigenstate. Another possibility is that the effects of other perturbations have been folded into the matrix element.
Our results from theC(B a 1 ) region also provide a note of caution to dynamicists investigating vibrational bands that are not fully understood. For example, Zhang and Dai 28 have investigated collisional relaxation of highly vibrationally excited levels of the ground electronic state of SO 2 , which couple to theC state and cause quantum beats in the fluorescence decay. They use quantum beats in unassigned rotational lines of the "(1, 3, 2)" level, but our analysis shows that, for example, the line at 45 329.6 cm −1 is actually most likely a transition to the J K a K c = 7 17 level of the P b 2 band so that the nominal vibronic symmetry is A 1 rather than B 2 . Although we do not believe the conclusions of Zhang et al. are incorrect, it can be dangerous to assume vibrational assignments in a perturbed and unanalyzed band.
Ray et al. 8 observe dispersed fluorescence fromC-state levels between 49 000-51 000 cm −1 that terminates onX-state levels of b 2 vibrational symmetry, and they provide evidence for vibronic coupling of theC state to the dissociative 4 1 A ′ electronic state. These authors rule out Coriolis interactions as a source of coupling between levels of A 1 and B 2 vibronic symmetry because they observe strong fluorescence to b 2 levels in a rotationally cold spectrum. However, in the current work, we have observed c-axis Coriolis induced transitions to b 2 levels at J ′ = 1. Thus, although there is a strong evidence for vibronic coupling in the vicinity of the avoided crossing, 8, 9, 29 we do not believe it is possible to rule out Coriolis coupling mechanisms in theC state of SO 2 on the grounds of low rotational temperature. The density of vibrational states at ∼8000 cm −1 of vibrational excitation is ∼0.20/cm −1 , or approximately one vibrational level per 5 cm −1 . Furthermore, at high vibrational energy, the density of b 2 levels approaches the density of a 1 levels (because both representations are singly degenerate.) As a result, it is statistically very likely that a given a 1 level in this energy region will be within <10 cm −1 of the nearest b 2 level, and that there will be significant intensity borrowing through c-axis Coriolis matrix elements.
V. CONCLUSIONS AND FUTURE WORK
We have discussed schemes for using frequency-agile technology for generation and detection of millimeter waves (available from our chirped-pulse millimeter wave spectrometer) to improve the state-of-the-art for millimeter-wave optical double resonance spectroscopy. We have demonstrated the use of the multiplexed Case 1 (population labeling) mmODR scheme to obtain a thorough set of low-J mmODR spectra, probing many ground state rotational levels simultaneously, in a single scan of the laser. The technique enables rapid spectral acquisition and assignment of congested regions. Our millimeter-wave implementation of the background-free CCPT scheme, originally developed by Twagirayezu and coworkers, [20] [21] [22] significantly increases the mmODR sensitivity and allows us to observe weak transitions to levels that perturb theC(B a 1 ) level of SO 2 . Due to the relatively short Dopplerdephasing coherence time, we had difficulty implementing a multiplexed CCPT scheme. However, technology for highpower millimeter-wave amplifiers is rapidly advancing, and with higher available power, it will be possible to polarize the transitions faster relative to the coherence dephasing time.
To our knowledge, we also report the first high-resolution observation of a b 2 vibrational level of theC state of SO 2 . We have recently acquired IR-UV double-resonance spectra of the low-lying b 2 levels, which will be reported in a future publication, 30 and we are using this data to improve our understanding of the PES and the vibrational dynamics of thẽ C state. 31 Work is also ongoing to analyze the LIF spectrum of theC(B a 1 ) region fully, with the aid of our mmODR spectra. 
